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Abstract

The application of microscopic methods to raw materials, clinker, cement and hydrated cementitious
systems has contributed significantly to the understanding of the chemical and mineralogical
composition of clinker, its formation conditions and hydration reactions over the last 140 years. This
publication reviews the contributions of important microscopists, the development of the method and the
main issues addressed by light microscopy applied to Portland cement clinker.
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Introduction

Portland cement clinker is still, 200 years
after Joseph Aspdin's patent for what he
called "Portland cement" and 180 years
after his son William probably produced the
first "modern" Portland cement, the
essential constituent of most cements
today. After these inventions, which were
probably based more on luck than on
chemical understanding, generations of
scientists from different disciplines built up
the field of cement chemistry. A number of
significant contributions to the
understanding of the chemical and
mineralogical composition of clinker, its
formation  conditions and hydration
reactions have been made by the
application of microscopic methods to raw
materials, clinker, cement and hydrated
cementitious systems (hardened cement
paste, mortar, concrete).

This publication reviews the
contributions of important microscopists,
the development of the method and the
main issues addressed by light microscopy
applied to Portland cement clinker. Various
aspects have been described in many
articles and textbooks, in many languages,
published over many decades. Due to
language barriers and the limited

published as part of

availability of primary literature, much of the
work on this subject has probably remained
unknown to the author and is therefore
missing.

Pioneers

It is difficult to pinpoint the very first
documented  application of  optical
microscopy to cementitious materials. Two
of the earliest mentions are by Anton
Hopfgartner [1] and Max Pettenkofer [2],
both from 1848 and both referring to the
same analysis by Hopfgartner in von
Pettenkofer's laboratory. However, only
cement particle shapes were described
here. In 1880, Ludwig Erdmenger
described observations on Portland cement
powder and on thin sections of hardened
Portland cement [3], but also without any
significant insight into phase composition or
hydration mechanisms.

The first researchers to significantly
improve our understanding of clinker using
microscopy were the French chemist Henry
Le Chatelier and the Swedish geologist
Alfred Elis Térnebohm. Both used a
polarising microscope on thin sections of
clinker. Le Chatelier first published his
findings in an article in 1882 [4] and later in
his thesis in 1887 [5; cf. 6]. His work
included descriptions of the shapes,
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birefringence and colour of the phases he
had observed, as well as the first drawings
of clinker sections under the microscope

(Fig. 1).

Figure 1 Hand drawing of microscopic view on a
thin section of clinker; from [5], original width: ca.
60 mm.

Tornebohm presented his findings at a
congress of the Association Internationale
d’Essais des Matériaux (A.lLEM., a
predecessor of today’s RILEM) in
Stockholm in 1897. This contribution was
published in German in the same year in a
journal (without figures) [7] and in a booklet
published by an association of Scandi-
navian Portland cement manufacturers [8].
The text included descriptions of the clinker
phases observed by Térnebohm and he
famously introduced the names alite, belite,
celite and felite, the first two of which are
still in use. The booklet also contained four
coloured drawings of clinker sections
(Fig. 2).

The main purpose of these first
microscopic investigations was to clarify the
so-called “constitution” of Portland cement
clinker, i. e. to identify the mineral phases
and their respective chemical compositions
as well as their typical contents in clinker.
For example, in 1904 H. Kappen used
polarised light microscopy on thin sections
of laboratory samples to confirm that belite

8

is C2S [9]. His publication again included
drawings of microscopic observations
(Fig. 3).

Figure 2 Hand drawing of microscopic view on a
thin section of clinker with phase indication; from
[8], original width: ca. 90 mm.

Fig. 3.

Figure 3 Hand drawing of microscopic view on a
thin section of laboratory clinker; from [9], original
width: ca. 55 mm.

Developments

Until the 1930s, polarised light microscopy
on thin sections was the main method for
clinker microscopy. While this technique
provides the opportunity to observe several
important phase properties such as colour
and birefringence in addition to the
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microstructure, it has one important
drawback: petrographic thin sections are
typically 25 to 30 pm thick. In ordinary clink-
er, most of the crystals of the different
phases have diameters below this. It is
therefore the rule rather than the exception
for several crystals to overlap making
identification of small crystals and
representative interpretation of the
microstructure very difficult.

Fig. 16, 70fach linear vergr. Nicols: .

Mischung 56

Figure 4 Photomicrograph of a thin section of
laboratory clinker; from [10], original width: ca.
80 mm.

Bild 9. Alitkémer in kristallinischer Ausbildung, eingeschlossen
in Schlacke. Vom Schachtofen-Klinker. Vergr. = 500.

Figure 5 Photomicrograph of a thin section of
shaft kiln clinker; from [11], original width: ca.
100 mm.

While this effect is not documented in the
drawings of the early works, it is clearly
visible in the photographs that replaced the
drawings in later publications. Possibly the
first black and white photomicrographs of
clinker thin sections can be found in
lectures by Janecke [10] (Fig. 4) and von
Glasenapp [11] (Fig. 5) published in 1913.
However, the overlap is better seen in more
recent publications with colour
photomicrographs (Fig. 6).
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Bild 2 (Durchlicht)

Gleiche Stelle wie Bild 1. Im Durchlicht erkennt man die braune Eigen-
farbe der Ferritphase.

Alit (65/35), Belit (50/30), Pore (90/20).

Figure 6 Photomicrograph of a thin section of
shaft kiln clinker; from [12], original width: ca.
100 mm.

The problem of crystal overlap can be
avoided using a microscopic approach
originally used by metallographers -
reflected or incident light microscopy.
Probably the first use is documented in a
publication by Ernst Stern from 1908 [13],
which includes photomicrographs (Fig. 7) -
possibly the first ever published
photomicrographs of Portland cement
clinker. In the following years, at least two
other authors using this method can be
found in the literature. These are Cecil
Henry Desch (1911, Fig. 8) [14] and Erich
Wetzel (1913, Fig. 9) [15]. While Wetzel is
cited in more recent literature, e. g. [16],
Desch’s use of the method seems to have
been overlooked later, although the method
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is described in great detail in his text. In
1935 he published “The Chemistry of
Cement and Concrete” together with Sir
Frederick Measham Lea [17]. The current
5th edition of this textbook was published
by editors Hewlett and Liska in 2019 [18].

Abbildung 6. Erster Angriff von Siiwasser auf Alite

Figure 7 Photomicrograph of a polished section of
clinker; from [13], original width: ca. 70 mm.

i. Etched with 19/, HCL  Vertical illumination.  x 300 diam.

Figure 8 Photomicrograph of a polished section of
stationary kiln clinker; from [14], original width: ca.
80 mm.

After 1913 there is a gap of 20 years in the
documented use of reflected light clinker
microscopy. Only the comprehensive work
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of B. Tavasci on clinker and cement seems
to have initiated a revival. In 1934 Tavasci’s
first article with photomicrographs was
published [19], many of which were taken
of polished sections under reflected light
(Fig. 10).

This article was subsequently cited in
other influential works in English, e. g. by
Insley [20] and Insley and McMurdie [21],
which had a multiplier effect on the use of
the method, certainly also due to their high-
quality photomicrographs (Fig. 11).

5832 ¥ 200

Bild;13. Kleingefiige des Schliffes von Brennprobe 9. V = 200.
Y, Std. bei 1600 C° gebrannt.

Figure 9 Photomicrograph of a polished section of
laboratory clinker; from [15], original width: ca.
100 mm.

Fig.16-Cl.B-R.1-150x ~Zona alitica

Figure 10 Photomicrograph of a polished section
of clinker; from Tavasci 1934 [19], original width:
ca. 55 mm.

Tavasci’'s paper also addressed the
problem of the different clinker phases
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showing very little contrast in polished
sections. It lists the effects of different
etchants on the optical properties to allow
the differentiation of phases, crystals and
sometimes even zonations in crystals.
Etching methods had already been
discussed by Stern [13]. Many etchants
were tried out in the following decades. In
1968, D. B. Ellson and J. H. Weymouth
published a short booklet with a large table
(about 76 x 54 cm?), listing - in font size 5 -
the effects of 43 etchants on 16 different
phases that might occur in Portland cement
clinker and related materials [22].

Figure 11 Photomicrograph of a polished section
of clinker; from [20], original width: ca. 110 mm.

Today, one or a combination of the
following etchants are commonly used:
alcoholic nitric acid (“nital”), hydrofluoric
acid vapour, acetic acid vapour, aqueous
ammonium chloride, alcoholic dimethyl
ammonium citrate (DAC) and aqueous
potassium hydroxide.

Important monographs

Based on microscopic results as well as
other methods, in particular XRD and
laboratory experiments, the “constitution” of
Portland cement clinker was better

understood during the first half of the 20"
century. More and more comprehensive
works on clinker microscopy were
published. Initially, these dealt mainly with
the clinker phases and their properties,
often including descriptions of preparation
and microscopy methods (e. g. [20, 21, 23,
24, 25]) and many photomicrographs.

Over time, however, the focus shifted
more and more to microstructural features
and their correlation with the production
conditions such as raw meal chemistry,
mineralogy and fineness, process
technology, fuel properties or temperature
profiles in different areas of the kiln system.
These observations allowed
troubleshooting and optimisation of the
production process on the one hand, and
prediction and optimisation of cement
properties on the other.

The increasing knowledge of the
relationships between production
parameters, clinker properties and cement
properties were described in articles and,
more importantly, collected in monographs.
These monographs were published in the
second half of the 20" century by cement
industry associations and their research
institutes, by cement producers or by
suppliers of equipment and services to the
cement industry (e. g. [12, 16, 26, 27, 28,
29], Fig. 12).

The most comprehensive work is
Campbell’'s “Microscopical Examination
and Interpretation of Portland Cement
Clinker” [16], which not only contains a
large number of photomicrographs but also
references a large number of publications.
Ono’s work [29] also stands out because it
contains many beautiful large
photomicrographs (Fig. 13) and describes
an approach to microscopic analysis of
clinker known as “Ono’s method”. It can be
carried out on powder mounts of ground
clinker and focuses on quantifying or
categorising just four key clinker properties.
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Figure 12 Covers of monographs on optical clinker microscopy; from top left to bottom right: [12, 28, 26, 16,

29, 27].

These properties (size and birefringence of
alite, size and colour of belite) are related to
specific burning conditions in the kiln as
well as to the properties of the cement
produced with the clinker.

The measurements obtained using Ono’s
method are, of course, not the only
quantifications used in clinker microscopy.
In particular, before the introduction of
quantitative X-ray diffraction analysis
(especially the Rietveld technique) to
clinker analysis, point counting on the
microscope was the only technique
available to quantify the phase contents of
clinkers.
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Current challenges and future
developments

The most pressing issues that clinker
microscopy helps to address today and in
the future are related to the need to
decarbonise the cement industry. Fossil
fuels are increasingly being replaced by
alternative fuels. Similarly, where possible,
natural raw materials are replaced by
alternative raw materials from other
industrial material streams in which CaO is
not bound to CO., and, therefore, does not
result in CO2 emissions during the clinker
burning process. However, many
alternative materials can influence the
process and the product properties (e. g.
[30]), which need to be understood in order
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to apply countermeasures or optimise
production conditions.

In the future, significant changes in the
production technology will occur on the way
to carbon-neutral cement production to
enable CO; capture. Clinker microscopy,
among many other analytical methods, will
provide important information on how, for
example, oxyfuel technology (e.g. [31]),
carbonate looping or electrification of
process steps influence clinker properties.
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Figure 13 Photomicrograph of a polished section
of clinker; from [29], original width: ca. 125 mm.

The method itself will also continue to
evolve. Al-based image analysis will enable
new ways of quantifying clinker properties.
Together with data from the production
process and the quality laboratory, the
results of microscopic analyses will be fed
into Al applications that will enable process

control and quality optimisation with
unpreceded speed and precision.
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